A generic non-linear dynamic model of a direct-acting electrohydraulic proportional solenoid valve is presented. The valve consists of two subsystemsÐa spool assembly and one or two unidirectional proportional solenoids. These two subsystems are modelled separately. The solenoid is modelled as a non-linear resistor±inductor combination, with inductance parameters that change with current. An innovative modelling method has been used to represent these components. The spool assembly is modelled as a mass±spring±damper system. The inertia and the damping eVects of the solenoid armature are incorporated in the spool model. The model accurately and reliably predicts both the dynamic and steady state responses of the valve to voltage inputs. Simulated results are presented, which agree well with experimental results.
INTRODUCTION
Recent advances in electrohydraulic proportional control valves (EHPCVs) have improved their performance close to that of electrohydraulic servo valves, but without their limitations, such as sensitivity to¯uid contamination, hysteresis and lack of fail-safe characteristics [1] . The EHPCV eVects displacement of a¯ow control spool by use of one or two solenoids acting directly on the valve spool. Such a valve is shown in Fig.1 . It has slightly slower performance characteristics than the electrohydraulic servo valve and some nonlinearities, but modern integrated electronics reduce these eVects to an acceptable minimum. The selection process for such valves is, however, still mathematically intense. One of the main di culties that has restricted the application of EHPCVs has been the lack of a simple generic mathematical model to represent the nonlinearities that are present in such valves. There are two published mathematical models for EHPCVs: a simple but inaccurate lumped parameter model [2] , and a more accurate but very complex lumped parameter model [3] . Other relevant approaches, like the lumped circuit and ®nite analysis methods, have been considered in the past [4, 5] but were judged too complex and speci®c to single valves. Furthermore, while these methods are attractive for their accuracy, they are also expensive in computer processing time. If, however, the models were to be postulated semi-empirically, then the parameter values could be identi®ed by means of simple numerical methods using measured characteristic curves. The form of the model would then be independent of the most common diVerences in construction of the modelled valves.
It was therefore concluded that a semi-empirical approach could provide the basis for a new, economical, general analysis method. The method would essentially rely on constructing a lumped parameter model from theory and then assigning values to each parameter based on measurements and experimental results. The model, however, should include some further detail such as the eVects of temperature change due to drive current heating [6] . This approach would therefore provide a practical yet accurate mathematical model for use in the analysis of electrohydraulic control systems.
The development of the valve model was undertaken in stages corresponding to the physical components of the valve. A proposed model was produced at each stage and evaluated using the MATLAB 1 analysis package. The evaluation data were then compared with those from experimental step-response tests carried out on the actual valves. The structure and parameters of the model were altered through an iterative process to achieve an accurate match.
The signi®cant components of the valve are the solenoid and the spool. The solenoid is modelled as a ®rstorder system with resistance that changes with temperature owing to heating by the operating current, and inductance that reduces with increasing current value. This change happens because, as the current is increased, the magnetic¯ux is drawn into the magnetic circuit and therefore does not link with the currentcarrying coil windings. The force output from the solenoid operates on the spool which is a mass±spring± damper with pre-loaded centring springs and a physical end stop. Movement of the spool, as measured by a linear variable diVerential transformer, aVects two¯uidow throttle areas such that the area change is designed to be approximately linear with spool displacement.
The methods described have been applied to three diVerent valves. These are identi®ed in the Appendix.
SOLENOID MODEL
A proportional solenoid is very similar in operation to a conventional on/oV d.c. solenoid of wet armature design as used in solenoid switching valves.
Passing a current through the solenoid coil creates a magnetic force that pulls the moving armature towards a pole piece, the magnitude of the force being proportional to the coil current. The solenoid force is transmitted to the valve spool by means of a push pin. The main diVerence between a proportional solenoid and a simple on±oV solenoid is in the design of the armature, pole piece and core tube assembly. These are shaped to give a more constant force over the working range of solenoid stroke so that the force produced is proportional to coil current, independent of armature position.
The simplest form of solenoid model is a resistor in series with a linear inductor [2] as shown in Fig. 2 . The voltage±current relationship can be easily derived by equating the voltages in the circuit:
There is no need to model the magnetic characteristics of the solenoid assembly in this case since the¯ux produced by the solenoid is eVectively proportional to the coil current, independent of armature position. The output force, F, that is generated is in turn directly proportional to the solenoid¯ux:
Variable inductance
When a coil is wound on a closed magnetic circuit the problem of de®ning the inductance has to be considered because, as observed by Hughes [7] , the¯ux linking the coil windings is not directly proportional to the current in the coil. As the value of an (alternating) current through such a coil is increased from zero, the value of the inductance increases to a maximum and then decreases. This implies that as the d.c. current increases the magnetic¯ux is drawn into the low-reluctance magnetic circuit, and therefore does not link with the current-carrying coil windings. The true value of the coil inductance then varies with the instantaneous value of the current in the coil, as shown in the modi®ed form of equation (1):
For a step input, Vˆconstant. Thus, at any i, di/dt can be measured and a value of L …i † can be evaluated as a function of i. For the current± time data shown in Fig. 3b , the inductance is found empirically to be as shown in Fig. 3c . This result, the shape of the resultant inductance±current curve in Fig.  3c , agrees with that predicted by Hughes [7] .
If the reciprocal of the inductance is plotted as a function of the current, the result is a straight line as shown in Fig. 3d . Thus
This relationship is signi®cant because the behaviour can now be readily simulated on MATLAB. Figure 4 shows the block diagram model with and without modi®cations to describe the eVect. There are two loops in the modi®ed model, the lower loop representing the circuit resistance as in a linear inductor. The upper loop represents the reciprocal inductance, increasing from a minimum value as the circuit current increases. The values shown are measurements taken directly from one of the valves under test, with the cir-cuit resistance measured at 3:05 « for the temperature of the tests shown and the intercept and slope of the curve in Fig. 3d providing the zero current (b) and gain (a) values for the inductance loop respectively, with reference to equation (5) variables.
Velocity limit
The input voltage to the solenoid is also opposed by a spool-velocity-dependent term, as the velocity of the spool generates opposition to the moving force. This can be simulated in MATLAB by representing voltage to the inductor as V ¡ iR ¡ k v dx=dt: The eVect is discussed below with the spool model because it is measured along with the spool dynamics.
Variable resistance
In most applications, EHPCVs give excellent reliability and consistency of performance. However, in some applications where such a valve is held open for a long [6] .
In order to provide a complete description of the solenoid response over a range of coil operating temperatures, the resistance value R in the ®nal solenoid model was computed from the coil temperature of each test using the temperature coe cient of resistance of the coil material. All of the test results described in this paper were from tests carried out with the solenoid coil at 50¯C.
Experimental results
Once the structure of the solenoid model had been determined, the simulation process reduced to identifying suitable values for the constants in the blocks.
In order to observe temperature eVects, all experiments were carried out at known temperatures within the normal operating range for the valves. The solenoid under test was heated to the required temperature prior to each experiment by passing a constant current through the coil.
The solenoid was tested by locking the armature in position against a piezoelectric force transducer and applying a voltage input to the solenoid coil. A digital storage oscilloscope was used to sample and store the voltage, current and force data generated by the solenoid.
Force output tests with currents rising up to the maximum operating value were carried out for 18 different armature positions over the 3 mm stroke length. One of the resulting three-dimensional plots is shown in Fig. 5 . This plot con®rms that the force generated by the solenoid is proportional to the coil current and does not change signi®cantly over the normal stroke operating range of the valve.
Step voltage input tests were carried out with the armature locked at 1 mm displacement using diVerent step voltages in order to con®rm that the model was valid with diVerent ®nal current values. The results of these tests are shown in Fig. 6 . Also shown in this ®gure are the simulation results obtained using the solenoid model, both with ®xed inductance and changing inductance. In the plots shown, experimental data are represented as solid lines, and simulated data as broken or dashed lines. The d.c. step voltage used for each test was selected to give the ®nal current achieved in the resistance of the solenoid. The parameter values used in the ®nal model were identi®ed by curve-®tting methods from these results as described above. Figure 6 demon- strates the large diVerence between the ®xed inductance model and the variable inductance model. There is a maximum opposition to changing current at small current values and minimum opposition at large current values, leading to an S-shaped current curve instead of the classic exponential current increase.
SPOOL MODEL
The armature and spool arrangement was modelled as a lumped parameter mass±spring±damper system [2] , as shown in Fig. 7 . The parameter values for the model components were obtained in two ways: The input force provided by the solenoid to move the spool is represented as F. There were two outputs from the model: x is the spool position output, represented as a signal proportional to the spool position in the valve body, and v 0 is a voltage signal, which is proportional to the velocity of the spool movement because the spool velocity opposes the¯ux that provides the moving force. This eVectively limits the velocity of the spool. Aperture metering between the valve spool and body is designed to permit oil¯ow through the valve in proportion to the spool displacement. Flow reaction forces are neglected. The position output signal is
The spool mass, the spring stiVness and the friction± velocity coe cient were provided as simple constants, measured and calculated directly from the components.
The solenoid e.m.f. generated by the velocity of the spool was estimated and adjusted to provide an accurate simulation of the complete valve response. This velocity feedback signal is
where k v is the e.m.f. sensitivity of the solenoid to the velocity of the spool. From these formulae, the model shown in Fig. 7 was produced for the valve spool. The velocity feedback signal is shown on the left-hand side of the diagram and the position output signal, x, is shown on the right-hand side. During the ®nal testing of the model, it was found that an additional transport delay of a few milliseconds was also needed in this v 0 signal path to achieve the correct frequency of oscillation in the spool velocity.
When the valve solenoids are de-energized the valve spool is centred by force from two opposing helical compression springs. These springs act against collars set against the ®rst step from the end of the spool, as shown in Fig. 1 . However, when the spool is fully centred, the collars stop against a step in the valve body. When in this condition, the springs are both held in compression against the valve body to a length d, which is shorter than their free length D. This means that as soon as one of the solenoids of the valve is energized it acts against a pre-load of …D ¡ d †c N.
The valve model was therefore modi®ed to incorporate this spring pre-load by the use of the SIMULINK 1 SIGN and GAIN blocks, as shown in Fig. 8 to provide opposition to either direction of spool displacement. The eVect of the use of these blocks is that any non-zero spool displacement signal generates a force signal of the opposite polarity, equal to the actual spring pre-load. Fig. 7 Spool model To bring the model spool to a halt at the eVective end of its range of movement, an additional feedback loop was used, as shown in Fig. 8 . This made use of DEAD ZONE and GAIN blocks to eVectively provide an equal and opposite force to prevent movement beyond the range of spool travel. The range is 3 mm in either direction for the valves considered in this study. With the DEAD ZONE block set to 3 mm, any increase in the spool displacement signal beyond this value generates a very large feedback signal with the opposite polarity to that of the force input to the spool model. This signal will then increase until equilibrium is reached such that both spool movement and the acceleration integrator are zeroed.
Experimental results
Parameter values for the model components were obtained by direct measurement and calculation except for the sensitivity of the solenoid e.m.f. to spool velocity, which was selected to obtain an accurate simulation of the complete valve response.
A valve was step±response tested to measure the change of spool displacement and velocity with time. The velocity of the solenoid spool was measured during the tests using a velocity transducer secured in a special clamp mounted on the end of the valve body in place of the second solenoid. A digital storage oscilloscope was used to gather the data. The spool position and velocity outputs for a zero current to 3 A step-voltage input test are shown in Fig. 9 , together with simulation results. In the plots shown, experimental data are represented as solid lines, and simulated data as broken or dashed lines. The d.c. step voltage used in this case was 9.14 V, selected to give a ®nal current of 3 A in the resistance of the solenoid at that temperature. In order to ®ne-tune the model, a transport delay of just 2 ms was added into the spool velocity feedback signal so that the oscillation in spool velocity acted at the correct frequency. This transport delay is shown in Fig. 8 . Note that this is not the same as the delay used by Matten [2] to represent the large opposition to current increase from zero.
The simulation with ®xed inductance value shows a response in which the solenoid force output exceeds the spring pre-load too early, causing a clearly visible error. A delay is required; in the model produced by Matten [2] , this delay was simulated by the use of a simple, variable (10 ms) dead time in the solenoid, which is longest if the solenoid is previously not energised'. The simulation with variable inductance value shows that the predicted spool position in response to the applied step voltage stays within 2 per cent of the actual value. This compares favourably with the maximum step-response position errors of the models published by Matten [2] at 3.7 per cent and Gamble and Vaughan [3] at 4.76 per cent, both for similar valves where the same model is applicable. The accuracy of the velocity response for variable inductance is rather worse at about 10±15 per cent. Spool velocity data are not presented in these other papers, so only the spool position traces can be compared for accuracy.
Fig. 8 Complete valve model
It is interesting to note that the simpler of these two models does appear to give a better accuracy than the complex one, but this is only true for the case where there is zero current in the solenoid before the step input is applied.
CONCLUSIONS
A generic, parsimonious dynamic simulation model has been produced that accurately predicts the spool displacement of a proportional solenoid valve to voltage input. In addition, the model simulates the eVects of variation of solenoid inductance with current and the variation of solenoid resistance with temperature owing to current heating.
This mathematical model is more detailed than the simple model of Matten [2] but simpler than the accurate but complex model of Gamble and Vaughan [3] . The accuracy of the model in predicting spool position was con®rmed to be better than 98 per cent by comparison of actual and simulated step-response and frequencyresponse tests.
Because the model is completely general and structured in a straightforward manner, it can be relatively easily reproduced and modi®ed to take account of changes in valve size and design. Owing to its simplicity, it can be used to simulate the performance of the valve in a complex hydraulic control system. Other similar valves can be modelled by using the same model structure with new parameter values obtained by a combination of direct component measurement and curve ®tting from valve test data.
